in order to understand the physical mechanisms of the production of nanometer-sized particulate generated from cooking oils, the ventilation of kitchen hoods was studied by determining the particle concentration, particle size distribution, particle dimensions, and hood's flow characteristics under several cooking scenarios. This research varied the temperature of the frying operation on one cooking operation, with three kinds of commercial cooking oils including soybean oil, olive oil, and sunflower oil. The variations of particle concentration and size distributions with the elevated cooking oil temperatures were presented. The particle concentration increases as a function of temperature. For oil temperatures ranging between 180°C and 210°C, a 5°C increase in temperature increased the number concentration of ultrafine particles by 20-50%. The maximum concentration of ultrafine particles was found to be approximately 6 × 10 6 particles per cm 3 at 260°C. Flow visualization techniques and particle distribution measurement were performed for two types of hood designs, a wall-mounted range hood and an island hood, at a suction flow rate of 15 m 3 min −1 . The flow visualization results showed that different configurations of kitchen hoods induce different aerodynamic characteristics. By comparing the results of flow visualizations and nanoparticle measurements, it was found that the areas with large-scale turbulent vortices are more prone to dispersion of ultrafine particle leakage because of the complex interaction between the shear layers and the suction movement that results from turbulent dispersion. We conclude that the evolution of ultrafine particle concentration fluctuations is strongly affected by the location of the hood, which can alter the aerodynamic features. We suggest that there is a correlation between flow characteristics and amount of contaminant leakage. This provides a comprehensive strategy to evaluate the effectiveness of kitchen hoods in capturing cooking oil fumes, which is based on an assessment of the entire hood face exposure instead of on breathing-zone sampling alone.
Epidemiological and toxicological studies have revealed that Chinese women who are exposed to cooking oil fumes (COFs) experience higher respiratory disease rates and mortalities due to lung cancer (Yang et al., 1998; Metayer et al., 2002; Li et al., 2003; Zhao et al., 2006) . For example, Ko et al. (2000) found that the risk of lung cancer in women increased with the number of meals they prepared per day, increasing up to about 3-fold for women who cooked meals each day. The risk was also greater for women who usually waited until fumes were emitted from the cooking oil before they began cooking. In view of these potential health risks, previous studies provided available data on the physical and chemical characteristics generated from COFs. A number of suspected causal factors identified from COFs are important contributions to the deleterious health effects. In addition to the organic gaseous pollutants and combustion products, cooking, in particular frying, generates substantial amounts of airborne particulate matter (Hildemann et al., 1991; Chiang et al., 1999; He et al., 2004a,b; Varghese et al., 2005; Wallace, 2006; See and Balasubramanian, 2008; Perello et al., 2009) .
Because particles with different sizes deposit in different regions of the human respiratory tract, particle size has been shown to be strictly correlated to negative health effects. Several studies have attempted to conduct real-time particle measurements and to identify possible negative health effects by characterizing the particle concentration and particle size distribution, as well as by measuring the spatial and temporal variations of aerosol particles.
The strong negative health effects of exposure to the inhalable particulate matter with an aerodynamic diameter of less than 10 microns (PM10) in the cooking environment has been confirmed by Li et al. (1993) , Dennekamp et al. (2001) , Wallace et al. (2004) , See and Balasubramanian. (2006a,b) , and Varghese et al. (2005) . These studies revealed that 60-90% of the particles associated with cooking are ultrafine particles (UFPs) that are produced with selected Western or Chinese cooking methods including frying, baking, deep-frying, and cooking of fatty foods. In most cases, particles between 0.01 and 0.1 m in diameter were the largest contributors by volume. Furthermore, kitchens around the world used different cooking methods that have different impacts on particle emissions. The use of natural gas for cooking in Taiwan is extremely common. When stir frying or deep-frying, women initially heated the oil in a metal wok until fumes were emitted. The typical cooking temperature was about 220°C for stir frying and 200°C-210°C for deep-frying (Metayer et al., 2002) . In order to evaluate human exposure to particles generated from hot cooking oils, Siegmann and Sattler (1996) performed hot oil experiments and showed that the diameter of oil droplets increased from 30 nm to 100 nm when oil temperature increased from 223°C to 256°C. The number concentration of particles with a diameter less than 100 nm increased rapidly with temperature and the peak concentration of particles released from the oil at 256°C was about twice than those released from the oil at 223°C. The results of cooking oil experiments by Yeung and To (2008) presented that the normalized number concentration of submicrometer aerosol particles increased rapidly, especially for particle sizes ranging between 0.1 and 1.0 m (known as the accumulation mode) when cooking temperature increased. It was also found that the aerosol size distributions were lognormal. Several theoretical models explain the lognormal characteristic of aerosols depending on the cooking process. Lai and Ho (2008) and Sjaastad et al. (2008) used numerical simulation to model the particle transport in a model kitchen. From the above, it is quite clear that the cooking process could generate a large number of nanoparticles. However, these results are not entirely consistent. The inconsistencies may be due to the various cooking operations, the cooking environment, and the ventilation performance of the kitchen hood. It is difficult to gain further insights into differences in the mass and size distribution of particle leakages from different cooking environments because data from published literature is limited. The variation in the measured mass concentrations of particulates cannot be solely attributed to the selected cooking episodes without doing further experiments with controlled factors.
Based on the knowledge of local exhaust ventilation, capture efficiency is the ability of the kitchen ventilation system to provide sufficient capture and containment at a certain exhaust flow rate. If the ventilation system is not providing sufficient capture and containment, oil fumes escaping from the cooking hood could be a serious problem in the cooking environment, especially during intensive food-cooking periods. Because the COFs are transported by the airflow, the hood performance is highly dependent on the flow field. The linkage between the particulate leakage level and the models cannot be established without knowing the related parameters of capture efficiency.
The flow characteristics of a tracer gas (sulfur hexafluoride, SF 6 ) were used to simulate oil fume exposure from cooking processes that were vented using wall-mounted and jet-isolated range hoods (Chen et al., 2010) . SF 6 spillages were analyzed using the locally averaged SF 6 concentration test method and correlated with those of flow visualizations. The results revealed that for the wallmounted hood, primary leakages occur around the region near the front edge of a countertop due to boundary layer separation, as well as the region just below the lower edge of the side panels of the hood due to the expansion effect of plumes.
For the jet-isolated range hood, oil mists spread widely and present unsteady motions with a high degree of turbulence.
This study is concerned with UFP spillage from cooking oil. The relationship between particle concentration, size distributions, and oil temperature is investigated. Measurements of the number concentration and the size distribution of the UFP spillage trend are associated with flow field on common ducted range hoods (the hood has outward ventilation for the exhaust), wallmounted range hoods, and island range hoods. The laser-light-sheet-assisted smok flow visualization method is incorporated to provide descriptions of the aerodynamics and to explain the quantitative particulate leakage results. The correlation between the flow behaviors and the UFP spillage mechanisms of the three different kinds of range hoods is investigated.
ExPERimEnTaL aRRangEmEnTs

Chamber tests
The test chamber, shown schematically in Fig. 1 , consisted of a canopy hood and a rectangular enclosure with dimensions of 58 cm (length) × 58 cm (width) × 100 cm (height). The canopy hood had a 14.8-cm diameter hole (suction outlet). A circular pipe was connected from the outlet of the canopy hood to an exhaust fan that was vented to the outdoors. The rectangular enclosure was installed in order to reduce the effect of crossdrafts. Below the test chamber, there was a double-layered table top and steel frame to support the table top. The lower and upper metallic panels of the table top were perforated to allow makeup air to enter the test chamber when the exhaust fan was operated. Between the lower and the upper perforated panels of the table top, HEPA filters were installed to reduce the background particle concentrations and the turbulent fluctuations induced from the makeup air. The suction flow rate of the canopy hood was measured by a venturi flow meter together with a calibrated pressure transducer. The uncertainty of the venturi flow meter was ±2.4% after calibration using a standard calibrator of sonic nozzles.
An electric heater with a hot plate was placed on the upper metallic panel of the table top. An oil pan (iron pot) of 18.5 cm in diameter was placed on the hot plate of the electric heater. Three kinds of commercial cooking oils (soybean oil, olive oil, and sunflower oil) were purchased in traditional Taiwanese markets for measurements. Before each experiment, 300 ml of oil was poured into the oil pan. As the experiments were conducted, the exhaust fan continued to extract the flow in the chamber at a constant flow rate Q s = 15 m 3 /min, the hot plate was heated to various temperatures, and the oil temperatures at thermal balance situation were measured using a calibrated thermocouple. A WPS Particle Spectrometer was used to detect the particle sizes and the spectrum of density distributions of the UPFs. The sampling probe was placed at a height of 10 cm above the cooking oil surface level. Between two consecutive experiments, the used cooking oil was disposed and the oil pan was washed thoroughly using detergent.
Open-space measurements
The cross-draft velocities surrounding the range hoods were less than 0.05 m/s. During the experiment, the turbulence and interference from external sources such as air supply diffusers, doors, and traffic in the room were restricted. After each experimental run, all the doors and windows were opened and the exhaust fans were operated for ventilation to allow the particles counts to return to the baseline level.
A wall-mounted range hood and an island hood were tested. The rated suction flow rate (Q s = 15 m 3 /min), the apparatus and instruments such as heaters and oil pans, and the instruments used to measure temperature and particle size were the same as those used in the test chamber experiments. Figure 2 shows the schematics of a home-made wall-mounted range hood used in this study. A suction fan was installed at the inlets of the suction openings. The back panel of the hood was mounted on the rear wall of the test bench. The important dimensions of the hood and the test grid arrangement are shown in the front and side views of Fig. 2 . Figure 3 shows the schematics of the island hood used in this study. An island hood hung over a range that was set into the island of a room. No wall surrounded the hood or the counter top. The island hood used in this study contained a canopy style suction facility. A rectangular-shaped (40 cm × 40 cm) hood opening with a 4-cm flange width was fixed 67 cm above the countertop. The distance from the boundary of the hood to the nearest wall exceeded 1 m. The dimensions of the hood and the test grid arrangement are shown in the front and side views of Fig. 4 .
Flow visualization
Paraffin oil mist was released to simulate cooking oil behavior. A light-scattering particle analyzer instrument Malvern 2600C was used to measure the diameter of the oil-mist particles as 1.7 ± 0.2 μm. The density of this particle was 0.821 g/ml. Without considering the effect of turbulent diffusion, the relaxation time constant was estimated to be less than 7.7 × 10 -5 s and the Stokes number was on the order of 10 -6 within the range of experiment. Therefore, the seeding particles could properly follow the flow fluctuations at least up to 10 kHz. The laser beam from a Nd:YAG laser was transmitted through an optical fiber and connected to a 20° laser-light sheet expander. The laserlight sheet expander was mounted on an adjustable block so that the light sheet could be aligned on different planes. The laser-light sheet was adjusted to a thickness of about 0.5 mm. The particle images were recorded using a Hi-8 CCD camera. The camera was equipped with an asynchronous variable electronic shutter, ranging from 1/12 000 to 1/30 s, and could record images at 30 frames per second.
UFP detections
The particle sizing and monitoring instrument used in this study was a WPS 1000XP-A Wide-Range Particle Spectrometer (MSP Corp., Shoreview. MN, USA). The WPS Spectrometer measured the particle properties in the range of 10-500 nm over 96 channels and determined the total particle number concentration up to 10 7 cm −3
. The rated inlet flow rate was 1 l min −1
. The number concentrations and size distributions of UFPs were determined. The UFP samples were taken through a plastic tube that was 2 m long and with an internal diameter of 13 mm. The sampling probe was positioned on the front and right sides of the three test facilities to measure particle properties. Figure 2 shows the measurement locations (F1, F2, F3, and F4 refer to the front side and R1, R2, R3, and R4 refer to the right side) for the wall-mounted and jet-isolated range hoods. Figure 3 shows the measurement locations (F1, F2, F3, and F4 refer to the front side and R1, R2, R3, and R4 refer to the right side) for the island hood. The front sampling grid line (containing F1, F2, F3, and F4) was located at the vertical centerline of the oil pan. The vertical boundaries of the measurement plane with the two outermost grids were 60 mm from the edge of the hood boundary and the countertop. The rear right-side sampling grid line (containing R1, R2, R3, and R4) was located at 60 mm from the vertical boundary. The sampling period for each measurement was 7 min. Baseline value measurements were conducted before each experiment.
REsULTs and disCUssion
The chamber tests serve as basis for determining the sources of particle number/size data produced above the smoke point of soybean oil, olive oil, and sunflower oil from COF in a test chamber. It is very important for setting up the cooking temperature and volume flow rates of exhaust air for the subsequent selected hood tests. Information that links the cooking temperature and the level of particle source from the chamber tests provides insight on how the particles behave.
Effects of oil temperature on particle distributions
The results from the chamber tests are studied to determine effects of oil temperature on the particle distributions and concentrations. Background . Considering this low value of particle density, the blank concentration is not taken into account during analysis. The variations of particle concentration and size distributions with temperature for the soybean oil, olive oil, and sunflower oil are presented in Figs 4-6, respectively. The trend is consistent for the three different kinds of cooking oils. The normalized number concentration of the UFPs (size range 10-100 nm) is approximately in the range of 1 × 10 2 to 4 × 10 3 particles per cm 3 at oil temperatures below 180°C. For soybean oil and olive oil, as the oils are heated from 180°C to 210°C, the particle concentrations increase gradually from 10 3 particles per cm 3 to maximum values exceeding 10 6 particles per cm 3 . For sunflower oil, as the oil is heated from 180°C to 210°C, the particle concentrations increase from 10 3 particles per cm 3 to maximum value of greater than 5 × 10 5 particles per cm 3 . The experimental data indicates that the particle concentration grows gradually as a function of temperature. Every 5°C increase in oil temperature results in UFP number concentration increase of 20-50% as the oil temperature is increased from 180°C to 210°C. As the oils are heated up to 260°C, the particle concentrations gradually increase to maximum values above 6 × 10 6 . The smoke point of cooking oil is the temperature at which it begins to break down to glycerol and free fatty acids, producing a bluish smoke. The smoke point of oil varies widely depending on refinement. For example, the smoke points of soybean oil, olive oil, and sunflower oil range from 160°C to 238°C, 191°C to 242°C, and 110°C and 240°C, respectively (Bockisch, 1998) . We postulate that heating oil produces free fatty acid and as heating time increases, more free fatty acids are produced. Increasing temperature produces a greater number of UFPs above the smoke point. Furthermore, the experimental results indicate that the mode diameter of oil droplets increases when the temperature of the oil increases. This result is consistent with the findings of the previous study by Yeung and To (2008) , which showed that increasing the cooking temperature generates more particles more susceptible to coagulation. This results in the increasing number concentration of accumulation mode particles.
Effects of flow patterns on particle dispersions
In order to measure the maximum particle concentration emitted from COF and compare it with the particle sources from the chamber tests, the cooking oil temperature for hood tests is set at 260°C, although lower temperatures below 260°C are used in actual cooking.
Wall-mounted hood. In Fig. 7a , the rising plumes generated by the heated oils deflect toward the center region and the rear wall. This is caused by the so-called wall effect caused by the entrainment effect of the air jet and the low pressure existing between the flow and the wall (Newman, 1961) . Because of the existence of the three-dimensional flow and the vortices induced near the right rear corner, the oil-mist contaminant is accumulated and built up at the right rear corner and in the neighboring region, as shown in Fig. 7b . It is also important to note that near the front edge of the cooking oil pan, a separated boundary layer is observed clearly in Fig. 7c . Due to the complex interaction between the existing vortices and the surrounding wall of the cooking oil pan, turbulence is enhanced near this region and depressed on the other locations. The rotation-induced largescale vortices of the oil mist observed near this region may significantly contribute to the spread of oil-mist leakage, as shown in Fig. 7c .
The nanoparticle test results support the results from the visual findings. The measured nanoparticle concentration level is strongly affected by the location of the hood. As stated previously, the flow near the side wall and the edges of the cooking oil pan consists of turbulent, unsteady vortices due to the inherent flow physics. These areas where the flow is recirculated correspond to regions where significant contaminant leakages are detected. Particle concentrations and size distributions are measured in the front plane at the locations F1, F2, F3, and F4 and at the right rear corner of hood at locations R1, R2, R3, and R4, as illustrated in Effect of flow characteristics on ultrafine particle emissions 931 and the effect of the boundary layer separation located in the right upper-rear corner and in the front edge area of the cooking oil pan.
Island range hood. For the island hood, the flow visualization results shown in Fig. 10a reveal that the plumes are rising. In Fig. 10a , we observe spiral rotational flow guides the oil mists to move upward because enough negative pressure is induced by the continuous suction of the fan. The upward movement of the spiral flow structures results in a turbulent mixing. As shown in Fig. 10b , smoke is found at neither the right rear corner nor its neighboring regions. The suction force developed by the exhaust fan draws the smoke directly into the hood chamber and no recirculation is observed. However, near the cooking oil pan, a pressure gradient is produced as a result of the reverse flow induced by the obstacle (i.e. the oil pan). It is important to note that near the front middle edge of the cooking oil pan, the turbulent spiral-like flow may carry large amounts of particulates out into the ambient, as shown in Fig. 10c .
The particle measurements support the evidence from the visual findings. The particle concentration distributions versus diameter curves of nanoparticle leakages at the right rear corner and the front plane are shown in Figs 11 and 12, respectively. No spillages are measured at the upper, middle, and lower, right rear corners (locations R1, R2, R3, and R4). The peak values of nanoparticle concentrations at mid locations of the front plane (F3) are relatively higher than those measured at the grid near the front edge of the countertop (locations F1, F2, and F4). The measured maximum nanoparticle level is about 5 × 10 5 , which is nearly 50-fold higher than those corresponding grids. We postulate that the vortex regions are more prone to UFP leakage because of the complex interaction between the shear layers and the suction movement resulting from the turbulent dispersion. These vortices are the result of turbulent flow separation. The rotation-induced large-scale vortices of the oil fumes in the flow near these regions may contribute to the nanoparticle leakages.
ConCLUsions
The correlations between the flow characteristics and the local UFP emission concentrations were presented for two common ducted kitchen hoods: the wall-mounted and the island hoods. The geometric features have an effect on the performance of these commonly used kitchen hoods.
Complicated turbulent flow patterns were induced by the inherent physical problems of aerodynamics. This involves the separation of turbulent boundary layers, unsteady motions of spiral vortex flows, turbulent diffusions, and interactions among these characteristic flow structures. The complexity of the interaction of multiple variables involved in the flow structures during the dynamic processes inhibits development of a model to establish the relationship between the physical parameters and the COF leakage. We suggest that a better performance test method for kitchen hoods should be based on the aerodynamic Effect of flow characteristics on ultrafine particle emissions 933 features that permit a realistic exposure scenario for cooking. This study is mainly focused on the influence of aerodynamic characteristics to particulates generated from cooking oils for two types of hood designs: a wall-mounted range hood and an island hood. A major limitation of this study is that in the actual process of frying food, the production of particulate may be strongly affected by different cooking conditions. Especially, in the actual frying of food containing water, a significant amount of oil-/water-mist aerosol generated may be more important than the decomposing oil above the smoke point, as it could be at a much higher rate, especially if lower temperatures below 260°C are used in actual cooking. Furthermore, the experiments are conducted under static conditions. In reality, the performance of the kitchen hoods is strongly influenced by the cooking environment including movements of cooks, air currents, or cross-drafts across the hood.
We suggest that the effects of dynamic aerodynamic factors, such as the cross-drafts and movement of cooking personnel, on the emissions of the UFPs from different cooking methods deserve further investigation in order to permit a realistic understanding of actual occupational exposures.
